
Statistical Guidance for Determining 
Background Ground Water Quality 

and Degradation 

 

State of Idaho 
Department of Environmental Quality 

March 2014 
 

  



  

 

Printed on recycled paper, DEQ, March 2014, PID 
9010, CA 82017. Costs associated with this 
publication are available from the State of Idaho 
Department of Environmental Quality in accordance 
with Section 60-202, Idaho Code. 



Statistical Guidance for Determining 
Background Ground Water Quality 

and Degradation 

March 2014  

 
 

Prepared by 
Idaho Department of Environmental Quality 

Water Quality Division 
1410 N. Hilton 

Boise, ID 83706  



Acknowledgments 

The May 2009 guidance was prepared by Dr. Xin Dai, Idaho Department of Environmental 

Quality. Technical review of the May 2009 document and updates for the March 2014 guidance 

were completed by Dr. John Welhan, Idaho Geological Survey. Revisions for the March 2014 

guidance were provided and reviewed by Don Carpenter, Brady Johnson, Scott Miller, and 

Edward  Hagan, Idaho Department of Environmental Quality. Technical Editing was completed 

by Jill White, Idaho Department of Environmental Quality. 

 



Statistical Guidance for Determining Background Ground Water Quality and Degradation 

v 

Table of Contents 

1 Introduction .............................................................................................................................. 1 

2 Authorities and Definitions ...................................................................................................... 3 

3 Statistical Characterization of Ground Water Quality ............................................................. 4 

3.1 Elements of an Analysis ................................................................................................... 4 

Analysis Tools and Documentation ......................................................................................... 5 

3.2 Evaluation of Hydrogeologic Data ................................................................................... 7 

3.3 Defining Constituents of Concern .................................................................................... 7 

3.4 Adequate Sample Size ...................................................................................................... 8 

Limited Annual Sampling ........................................................................................................ 9 

3.5 Data Below Detection Limits ........................................................................................... 9 

3.6 Evaluation of Background Ground Water Quality Data ................................................ 10 

4 Statistical Determination of Water Quality Degradation ....................................................... 12 

4.1 Alternative Concentration Limit ..................................................................................... 13 

4.2 New Versus Existing Activity ........................................................................................ 13 

4.3 Interwell Versus Intrawell Analysis ............................................................................... 13 

4.4 Decision Thresholds and Confidence Levels ................................................................. 14 

4.4.1 Interwell and Intrawell Tolerance Limits .................................................................. 15 

4.4.2 Interwell Prediction Limits ........................................................................................ 15 

4.4.3 Interwell Simultaneous Limits ................................................................................... 15 

4.5 Verification Resampling ................................................................................................. 16 

4.6 Trending Data ................................................................................................................. 16 

5 Summary of Process .............................................................................................................. 17 

5.1 Determination of Background Ground Water Quality ................................................... 17 

5.2 Determination of Degradation ........................................................................................ 17 

5.2.1 Intrawell Comparisons ............................................................................................... 17 

5.2.2 Interwell Comparisons ............................................................................................... 18 

5.2.3 Treatment of Verification Versus Confirmation Resampling Data ........................... 18 

5.2.4 Interim Methodology for Trending Data ................................................................... 18 

6 References .............................................................................................................................. 19 

Appendix A. Alternative Concentration Limits ............................................................................ 21 

Appendix B. Exploratory Data Analysis/Descriptive Statistics ................................................... 23 

Appendix C. Data Independence .................................................................................................. 27 

Appendix D. Determination of Normality and Choice of Distribution ........................................ 33 

Appendix E. Seasonal Trends ....................................................................................................... 43 

Appendix F. Secular Trends ......................................................................................................... 49 

Appendix G. Data Pooling ............................................................................................................ 53 



Statistical Guidance for Determining Background Ground Water Quality and Degradation 

vi 

Appendix H. Parametric Upper Tolerance Limits ........................................................................ 57 

Appendix I. Nonparametric Upper Tolerance Limits ................................................................... 61 

Appendix J. Parametric Upper Prediction Limits ......................................................................... 63 

Appendix K. Nonparametric Upper Prediction Limits ................................................................. 67 

Appendix L. Interim Decision Thresholds in the Presence of a Secular Trend ............................ 73 

Appendix M. Example Scenario for an Existing Wastewater Reuse Facility With No 

Chemical Impact .................................................................................................................... 81 

Appendix N. Applying Intrawell Analysis at Existing Facilities When Interwell Methods are 

Inadvisable ............................................................................................................................. 83 

Appendix O. Statistical Concepts ................................................................................................. 91 

Appendix P. Summary of Revisions ........................................................................................... 103 

List of Tables 

Table 1. Considerations for wastewater reuse sites. ..................................................................... 13 
Table B1. Data and resulting descriptive statistics for example scenario..................................... 25 
Table D1. Example of Shapiro-Wilk test for normality on TDS data from well B1. ................... 36 

Table D2. Partial list of coefficients ai for the Shapiro-Wilk test of normality. ........................... 36 
Table D3. Lower 1% and 5% critical values for Shapiro-Wilk test statistic W. .......................... 37 

Table D4. Goodness-of-fit summary statistics for the Q-Q plots in Figure D3. ........................... 39 
Table D5. Goodness-of-fit summary statistics for the Q-Q plots shown in Figure D5. ............... 41 
Table E1. A portion of the quantiles of the chi-square distribution with k-1 degrees of 

freedom. .......................................................................................................................... 44 

Table E2. Testing for seasonality using the Kruskal-Wallis test. ................................................. 46 
Table F1. Mann-Kendall test set up. ............................................................................................. 50 
Table H1. Partial table of factors (K) for constructing one-sided normal upper tolerance limits 

at 95% confidence and 95% coverage. ........................................................................... 58 
Table I1. Sample sizes for nonparametric upper tolerance limits.

a
 .............................................. 61 

Table J1. K Factors at a = 0.05 for a verification protocol where one or both verification 

resamples must confirm the initial exceedance. ............................................................. 64 

Table K1. Confidence levels for a nonparametric prediction limit where exceedance is 

verified when one or both verification resamples also exceed the limit. ....................... 67 
Table K2. ProUCL output showing calculated decision limits for a normal distribution. ........... 69 
Table K3. Decision thresholds calculated from the same background data for different 

assumed population distributions. .................................................................................. 70 
Table K4. Comparison of decision thresholds calculated from log-transformed background 

data that should have been modeled with a gamma distribution. ................................... 71 

Table L1. Fabricated well B1 data. ............................................................................................... 74 
Table L2. Two additional years of fabricated well B1 data. ......................................................... 78 
Table N1. Background total dissolved solids measurements........................................................ 85 
Table N2. Calculated test statistics for current yearôs monitoring data. ....................................... 86 
Table N3. Background total dissolved solids measurement with fabricated outliers. .................. 89 
Table O1. Summary of statistical notation used. .......................................................................... 91 



Statistical Guidance for Determining Background Ground Water Quality and Degradation 

vii 

List of Figures 

Figure 1. Implementation of Idahoôs ñGround Water Quality Ruleò IDAPA 58.01.11.400. ......... 2 
Figure 2. Process for determining background ground water quality. ............................................ 6 
Figure 3. Recommended process for handling censored data. ...................................................... 10 
Figure 4. Process for evaluating background ground water quality and data adequacy. .............. 11 
Figure B1. Box plots created by ProUCL 5.0 ............................................................................... 24 

Figure B2. Time-series graphs of concentration data in Table B1 created with ProUCL. ........... 25 
Figure C1. Example ground water TDS measurements used for evaluating the statistical 

independence of a time-series data set. .......................................................................... 29 
Figure C2. Box-Jenkins autocovariance plot created using the quarterly-averaged data in 

Figure C1. ....................................................................................................................... 29 

Figure C3. An example of a semivariogram (Isaaks and Srivastava 1989) computed for all of 

the TDS data in Figure C1 .............................................................................................. 29 

Figure C4. A hypothetical example of a semivariogram based on a sufficient number of 

monitoring points to construct a well-defined semivariogram and identify the 

minimum interwell spacing necessary to maintain spatial data independence. ............. 30 
Figure C5. Semivariogram based on insufficient data to define spatial independence. ............... 30 

Figure D1. Decision tree for determining a population distribution. ............................................ 34 
Figure D2. Histogram of pooled TDS data from Table B1, superimposed on a normal 

distribution for visual comparison purposes. The mean (black line) and median 

(orange line) are shown for reference. ............................................................................ 38 
Figure D3. Goodness-of-fit results, in the form of Q-Q plots of the data represented in Figure 

D2 relative to (A) a normal distribution, (B) a lognormal distribution, and (C) a 

gamma distribution. ........................................................................................................ 38 

Figure D4. Data used to illustrate the decision process in Figure D1 when the sample is highly 

right-skewed. .................................................................................................................. 40 

Figure D5. Graphical summaries of goodness-of-fit to (A) a normal distribution, (B) a 

lognormal distribution, and (C) a gamma distribution. .................................................. 41 
Figure F1. Results of applying a Mann-Kendall test to the raw TDS data from well B1 in 

Table B1. ........................................................................................................................ 51 
Figure F2. Results of applying the Mann-Kendall test to well B1ôs deseasonalized TDS data 

(Appendix E, Table E3). ................................................................................................. 52 
Figure K1. Histogram of seasonally adjusted and pooled TDS data for wells B1 and B2. .......... 68 
Figure L1. Concentration versus time plot for fabricated well B1 data. ....................................... 75 
Figure L2. An example of applying a biannual slope recalculation procedure to identify 

changes in slope as future data is collected. ................................................................... 78 

Figure L3. Recommended procedure for estimating interim decision thresholds in the 

presence of a trend (based on an approach outlined by Gibbons (1994) and the 

control chart methodology described in Appendix N). .................................................. 80 
Figure N1. Historical (background) total dissolved solids concentrations versus time. ............... 86 
Figure N2. Comparison of latest monitoring results to historical data and specified control 

limits. .............................................................................................................................. 86 

Figure O1. Example histogram. .................................................................................................... 93 
Figure O2. Example box plot. ....................................................................................................... 94 
Figure O3. Example time-series plot. ........................................................................................... 94 



Statistical Guidance for Determining Background Ground Water Quality and Degradation 

viii 

Figure O4. Example scatter plot. .................................................................................................. 95 
Figure O5. Mode, median, mean for various distributions ........................................................... 96 
Figure O6. Example of three distributions with various degrees of kurtosis (peakedness). ......... 97 

 

 



Statistical Guidance for Determining Background Ground Water Quality and Degradation 

1 

1 Introduction 

This guidance describes a process for the Idaho Department of Environmental Quality (DEQ) to 

use when determining if ground water quality is degraded. The term degradation is defined in 

the Idaho ñGround Water Quality Ruleò (IDAPA 58.01.11) as ñthe lowering of ground water 

quality as measured in a statistically significant and reproducible manner.ò This guidance 

provides a process and statistical tools, which can be used to determine statistically significant 

degradation. Other processes and statistical tools may be used; this guidance describes process 

and tools that are understood to achieve the intended goals. 

The two principal goals of the guidance are as follows:  

1. Describe a statistically based process for establishing background ground water 

quality.  

2. Identify methods and criteria for identifying when ground water quality degradation 

is statistically significant.  

An understanding of these two concepts is fundamental to addressing ground water quality 

issues. Knowledge of the background ground water quality is necessary before ground water 

quality degradation can be identified. Once background ground water quality is established, 

ground water quality degradation, if any, can be determined.  

To achieve the two principal goals, the guidance is structured around the following four 

objectives:  

1. Provide a standardized framework or process to objectively evaluate ground water 

quality data. 

2. Provide flexibility to address site-specific conditions.  

3. Provide a decision tree showing elements required to complete suggested parts of the 

process. 

4. Suggest certain statistical tools but allow for alternatives. 

Some suggested tools are presented in Appendices A to N (see specific topics in Table of 

Contents). Appendix O provides definitions of terminology used throughout the document. A 

summary of the revisions contained in this version of the guidance are identified in Appendix P. 

The determination of what constitutes degraded ground water is essential for implementing DEQ 

programs that rely on the IDAPA 58.01.11 to protect the health of Idahoans and the environment. 

DEQ and the regulated community can use the methods contained in this document to estimate 

background ground water quality conditions and identify any degradation. This guidance 

document is intended to help interpret and apply IDAPA 58.01.11 at sites not addressed with 

existing state and federal program guidance. It may also complement existing guidance by 

addressing situations not covered with other guidance. This document does not impose legally 

binding requirements on DEQ or the regulated community. The document identifies an approach 

for defining ground water degradation, but DEQ retains the discretion to allow different 

approaches on a case-by-case basis that differ from this information. Interested parties are free to 

raise questions about the appropriateness of the application of the information in this document 

to a particular situation, and DEQ will consider whether or not the technical approaches are 

appropriate in that situation.  
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Once a constituent is detected in ground water, IDAPA 58.01.11 provides a process for DEQ to 

follow (Figure 1). Figure 1 illustrates the conceptual approach to implementing IDAPA 58.01.11. 
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Figure 1. Implementation of Idahoôs ñGround Water Quality Ruleò IDAPA 58.01.11.400. 

The first step, following a detection, is to determine if the constituent concentration is greater 

than background. (This step is shown in diamond 1 and circled in red). This guidance document 

addresses this step by providing a process that can be used to determine if a detection represents 

statistically significant degradation. For ground water to be degraded, the concentration 

must be above background and the degradation must be of statistical significance. If ground 

water is not degraded, then no further action is necessary. If ground water is degraded, but the 

constituent is present in a concentration below a ground water quality standard, DEQ must make 

a determination of whether the degradation is of regulatory significance; this step is shown in 

diamond 2.  

This statistical guidance document does not address whether degradation is of regulatory 

significance. The criteria for determining regulatory significance are contained in IDAPA 

58.01.11.400.02.b. and include the following: 

 Site-specific hydrogeologic conditions ¶

 Water quality, including seasonal variations ¶

 Existing and projected future beneficial uses ¶

 Related public health issues ¶
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 Whether degradation involves a primary or secondary constituent in IDAPA ¶

58.01.11.200. 

Additional guidance, using the criteria listed above, is being developed by DEQ to determine 

whether degradation that is of statistical significance is also of regulatory significance.  

The following example illustrates the purpose of this guidance. 

Using the approach described in this guidance, background ground water nitrate 

concentration at a site is determined statistically to be 5.0 milligrams per liter (mg/L). 

Downgradient of the site, the nitrate concentration in ground water is found to increase 

from 5.0 mg/L to 5.5 mg/L. Verification sampling confirms the downgradient nitrate 

concentration exceeds the background level. These results indicate the degradation is of 

statistical significance and the ground water is degraded for nitrate (diamond 1 in Figure 

1). Guidance regarding actions to address the degradation is beyond the scope of this 

guidance. 

Because the ground water is degraded, but the concentration is below a ground water 

quality standard (in this case, 10.0 mg/L), a determination of whether the degradation is 

of regulatory significance must be made (diamond 2 in Figure 1).  

This statistical guidance does not provide a method for quantifying the magnitude of 

degradation. Statistics can be used to define the statistical uncertainty between sample values 

collected in different wells. But statistics cannot be expected to define the magnitude of the 

difference. Statistics can never prove that a difference between sample values is real, only the 

probability that one may exist, given the available data. Whether degradation is of regulatory 

significance is dealt with in another guidance document currently being developed by DEQ. 

2 Authorities and Definitions 

The legislation and rules addressing ground water quality issues in Idaho include the Idaho 

Ground Water Quality Protection Act of 1989 (Act) (Idaho Code §39-120 to §39-127) and the 

Idaho ñGround Water Quality Ruleò (IDAPA 58.01.11). The Act created the Ground Water 

Quality Council and directed the council to develop the Ground Water Quality Plan (plan). The 

plan provides the overall direction and policies of the state with respect to ground water quality 

concerns. IDAPA 58.01.11 implements a portion of the plan.  

Background ground water quality can be established using samples collected from monitoring 

wells that sample the ambient ground water quality in the same aquifer that is likely to be 

impacted by development. IDAPA 58.01.11 identifies two types of background ground water 

quality: natural and site.  

Natural background level is defined by IDAPA 58.01.11 ñas the level of any constituent in the 

ground water within a specified area as determined by representative measurements of the 

ground water quality unaffected by human activities.ò In areas where the natural background 

level of a constituent exceeds the standard, the natural background level shall be used as the 

standard.  
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Site background level is defined as the ground water quality at the hydraulically upgradient site 

boundary. In areas where the ground water quality is unaffected by human activities, the site 

background level is equivalent to natural background.  

3 Statistical Characterization of Ground Water Quality  

Before any data evaluation begins, it is useful to have a clear understanding of the issues that 

need to be addressed, including the constituents of concern (COCs). Once the main issues are 

defined, the data can be collected and then reviewed within the appropriate context. Existing data 

must be compiled and evaluated to determine if the information is sufficient to adequately 

characterize the ground water quality. In most cases, the goal of the statistical analysis will be to 

characterize background ground water quality in a manner such that decisions regarding ground 

water quality degradation are defensible. 

The guidance provides flexibility by allowing options to determine background ground water 

quality, depending on the adequacy of the data for statistical analysis. If sufficient data are 

available to statistically characterize background ground water quality, then appropriate 

statistical methods may be employed. The determination of data adequacy is a site-specific 

decision that depends on many physical factors as well as the objectives of the project. Suggested 

methods to determine if the available ground water quality data are adequate to conduct valid 

statistical analyses are described in the appendices. 

If data are not adequate to conduct valid statistical analyses, then a sampling plan to collect 

adequate data may be developed or background ground water quality may be estimated using an 

alternative concentration limit (ACL) in accordance with a DEQ-defined method. The ACL is 

designed to be protective of ground water quality by using the lowest value provided from three 

options as described in Appendix A. If a sampling plan is implemented, the ACL will be used for 

decision-making purposes until adequate data are collected to support valid statistical analyses. 

However, an ACL also may be selected even when appropriate data are available for valid 

statistical analyses if the interested party does not want to conduct statistical analyses and DEQ 

concurs with the decision.  

3.1 Elements of an Analysis 

The elements for characterizing background ground water quality are site-specific and dependent 

on the complexity of the area. If the process described in this guidance is used, the steps to be 

completed for each site include the following: 

 State the objectives of the analysis. ¶

 Delineate the study area and hydrogeologic features relevant to monitoring. ¶

 Identify COCs and provide rationale for considering them. ¶

 Evaluate and define data adequacy in the context of the analysis objectives. ¶

 Identify appropriate statistical tools to address the issues. ¶

 If the data are inadequate for the analysis, determine an appropriate temporal scale for the ¶

data collection program and provide a rationale for why it is appropriate. 

 If selected data are used in (or excluded from) the analysis, provide a rationale. ¶
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The elements must be addressed within the context of the hydrogeologic framework. Individual 

aquifers must be defined at the appropriate scale. For each aquifer, the ground water flow 

direction and ground water gradient should be described and uncertainties in both should be 

estimated. Data on the ground water chemistry of each aquifer should be compiled and ground 

water quality trends should be identified, if data are sufficient. The sampling locations and 

sampling frequency should be evaluated to ascertain whether results can be used to represent the 

ground water quality within the area of concern.  

The general process for defining background ground water quality is illustrated in the flow 

diagram in Figure 2. 

Analysis Tools and Documentation 

One of the principal goals of this guidance document is to help users navigate the array of 

statistical procedures, choices, and theoretical options that are available during the analysis of 

ground water quality data. By making the process more transparent, DEQ hopes to minimize 

analysis problems and decision errors and thereby streamline the review of usersô data analysis 

results. One of the keys to success in this endeavor is that users submit sufficient relevant 

documentation with their analysis results to allow DEQôs technical review to proceed as 

smoothly as possible. 

Data Submission 

All water quality data considered in the statistical analysis must be provided to DEQ in digital 

spreadsheet form together with any relevant documentation necessary to understand the data 

structure, data fields, and analytical details (e.g., concentration units and detection limits). 

Analysis Methodology and Tools 

To facilitate the evaluation of the userôs statistical analysis, clear documentation is required of 

the type(s) of software used in the analysis, including version number(s) and relevant 

information on the software source and publisher. The use of nonstandard methodologies should 

be avoided to minimize interpretational problems or inappropriate conclusions. All software 

should be well documented and widely accepted in the ground water profession as to its utility in 

the kind of statistical analyses covered in this guidance document. 

The United States Environmental Protection Agencyôs (EPAôs) ProUCL v.5.0 (EPA 2006; 

2013a) statistical software is a good example of acceptable software due to its ease of use, 

excellent documentation, wide acceptance, and free availability. The software is available for 

download at http://www.epa.gov/osp/hstl/tsc/software.htm; it is easy to install and includes many 

of the analysis tools described in this guidance document. Examples of its application are 

provided in many of the appendices herein. 

http://www.epa.gov/osp/hstl/tsc/software.htm
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Figure 2. Process for determining background ground water quality. 
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3.2 Evaluation of Hydrogeologic Data 

When defining background water quality or making comparisons against a compliance threshold, 

one of the first and most critical requirements is a clear and hydrogeologically defensible 

conceptual model of the siteôs subsurface architecture. Depending on the site, different statistical 

populations of ground water quality may occur at different aquifer depths and in different aquifer 

media. An adequate amount of water quality data is required for each subpopulation so it is 

statistically representative of the strata, sample depths, or other characteristics that may affect 

water quality differently. In such cases, background water quality may have to be defined 

separately for several subpopulations, and future comparisons with background may then have to 

be conducted with the same consideration in mind so that any statistical conclusions are 

hydrogeologically defensible in the context of the site conceptual model.  

Ambient ground water quality typically varies spatially (between wells) and temporally (over 

time) due to natural conditions; anthropogenic impacts can contribute additional variability to 

water quality. A minimum of one upgradient well is needed to determine background ground 

water quality, but additional upgradient wells may be necessary to characterize site variability in 

complex hydrogeological situations (Fisher and Potter 1989; Cressie 1993; Gibbons 1994). At 

so-called green fields sites where human activities have not affected site water quality, both 

upgradient and downgradient wells can be used initially to determine background ground water 

quality and spatial variability. 

The hydrogeologic characteristics of a site determine the number of ground water monitoring 

wells required and their locations. The depth to water, flow direction, net recharge rate, aquifer 

and soil characteristics, topography, thickness and lithology of the vadose zone, and hydraulic 

conductivity of the aquifer are all important in determining the vulnerability of an aquifer and the 

necessary spacing and depth of monitoring wells (Ogden 1987). The geology of a site should be 

characterized with data from well logs, geologic maps, and cross sections. Structural features, 

such as faults, fractures, fissures, impermeable boundaries or other features that can influence 

flow direction should be delineated. Additional hydrogeologic information relevant to assessing 

the adequacy of monitoring data should be summarized, including but not limited to ground 

water flow velocity, transmissivity, storage coefficient, porosity, and dispersivity. 

3.3 Defining Constituents of Concern 

A COC is a chemical that is disturbed, generated, used, or disposed at the site in sufficient 

quantity to pose a risk to beneficial uses of ground water or interconnected surface water. This 

includes degradation products or chemicals released during chemical reactions in the 

environment. COCs defined for each site will depend on site operations. When deciding what 

chemicals may be COCs, the following should be carefully considered:  

 Industrial/commercial processes resulting in the generation of the chemical(s) that are ¶

permitted to be handled, stored, or reused (land-applied) on the site 

 Physical and chemical properties of the chemical(s) ¶

 Complexity and sensitivity of the hydrogeologic environment ¶

Once a COC is determined the following should be considered: 
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 Methods of sample collection, handling, and transportation that are appropriate for the ¶

COC 

 Laboratory analysis procedures used to measure chemical concentration that are ¶

appropriate for the COC 

3.4 Adequate Sample Size 

This section specifically addresses quantifiable measurements above the detection limit not 

affected by censoring. Procedures for dealing with censored data are discussed in section 3.5. 

The quality and quantity of available monitoring data are two of the most important factors in 

determining background ground water quality for a COC. Individual ground water samples are 

only representative of ground water quality at a particular time in a particular location. Ground 

water quality often varies seasonally or changes with time and/or location, so a single ground 

water sample may not be representative of ground water conditions throughout the site or over a 

period of time. The greater the number of independent samples collected over time, the more 

representative the characterization of the ground water quality. Larger sample populations also 

increase the statistical confidence in the evaluation of ground water quality. Valid statistical 

testing depends upon collection of adequate data. Statistical tests rely on using estimates of the 

true mean and true variance of a population. For example, the estimate of the true mean is the 

average of the data points collected. The estimate of the true standard deviation is the standard 

deviation of the data points collected.  

The number of samples needed to conduct a statistical analysis meeting the objectives and goals 

of a project depends on the site-specific conditions, which in turn controls the data variability. 

Site-specific conditions may include physical factors such as land use, hydrogeologic 

environment, and seasonality and social considerations. The EPAôs Unified Guidance document 

(EPA 2009) recommends that a minimum of 8 to 10 independent samples be available to 

estimate the standard deviation of a parametrically distributed statistical population (e.g., normal, 

gamma or lognormal distributions). DEQ recommends collecting 12 independent samples for 

most statistical analysis methods discussed in this guidance document. In stark contrast, a 

tolerance interval estimate for a nonparametric distribution requires a minimum of 59 

independent data points to achieve 95% coverage
*
 at 95% confidence (Conover 1999; EPA 

2009; Gibbons 1994).  

In other situations, such as the presence of a seasonal trend, the Seasonal Kendall Test requires a 

minimum of 3 years of monthly data, or 36 data points (Gilbert 1987). When quarterly data are 

sparse, the Kruskal-Wallis test can be used as long as there are at least 3 years of quarterly data 

collected in the same months (a minimum of 12 independent data points). To quantify serial 

correlation effects (temporal dependence), Harris et al. (1987) state that at least 10 years of 

quarterly data, or 40 data points, may be necessary.  

As illustrated in the previous paragraphs, adequate sample size varies on a case-by-case basis 

and is a site-specific decision that must consider factors unique to each project and site. The goal 

of determining sample size in a statistical study is to find the number of samples that provides 

                                                 

*
 where 95% of future samples will fall within the interval 
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adequate yet practically feasible evidence with which meaningful conclusions can be made 

relative to the goals of the study. The final determination of what constitutes adequate sample 

size will be made by DEQ in cooperation with the regulated entity. 

Limited Annual Sampling 

In some cases, quarterly or more frequent sample data may not be available throughout the year. 

For example, at sites with limited or no access during winter and early spring, regular year-round 

sampling may not be physically possible. In such situations, DEQ may modify the quarterly 

sampling requirement to provide for adequate data coverage during the portion of the year when 

sampling is possible as well as some of the statistical analysis procedures pertaining to quarterly 

samples discussed in this document. 

In the event that year-round sampling is not possible, then quarterly samples in this document 

shall be interpreted to comprise four or more evenly spaced sampling events during the annual 

sampling window. For example, if sampling is possible only during the 8-month period from 

April through November, then four samples should be collected, one every other month, at each 

well.  

This strategy maintains sufficient temporal data coverage and minimum sample sizes for 

determination of background and seasonality. In most cases, depending on data independence 

considerations, it would allow for timely verification resampling of wells discovered to be out of 

compliance during approximately the first 5 months of the annual sampling window. Wells 

deemed to be out of compliance after September may not be testable again until the following 

spring. In such cases, particular care needs to be taken to ensure that appropriate seasonality 

adjustments can be applied so that comparisons between fall and springs samples are statistically 

defensible. 

3.5 Data Below Detection Limits 

Data sets that contain nondetect values make it more difficult to determine the type of statistical 

distribution that characterizes the population from which samples are drawn. These data sets are 

referred to as censored data throughout the remainder of this guidance. For most nonparametric 

methods, the presence of censored data is not an issue, but their effect in parametric analysis is 

very dependent on the statistical form of the data distribution (EPA 2009). The procedure to 

evaluate censored data is outlined in Figure 3 and conforms to recommendations in EPAôs 

Unified Guidance (EPA 2009), as well as Gibbons (1994) and Helsel (1990; 2005). 

The first step when evaluating censored data is to distinguish between detection-only 

applications (such as identifying the first arrival of a constituent) and ground water quality 

characterization (such as defining background). If the data are used to determine whether a 

constituent is present, then the results should be handled on a case-by-case basis independent of 

the process outlined in Figure 3. If the censored data will be used to estimate summary statistics, 

then the procedure outlined in Figure 3 is applicable. 

A number of considerations, including sample size, percentage of censored data and the form of 

the data distribution determine the preferred method for handling censored data (EPA 2009). The 

use of substitutional methods (e.g., substituting half the method detection level for censored 
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values) is fraught with theoretical considerations and is to be avoided; in situations not covered 

in Figure 3, DEQ recommends following the recommendations of the Unified Guidance in this 

regard (EPA 2009, chapters 10 and 15) as well as those of Helsel (2005) and consulting with 

DEQ on a case-by-case basis. 

In general, imputation of censored values should be avoided in small (<15ï20) data sets and is 

unnecessary in very large data sets (>500). If censored measurements comprise less than 50% of 

the measurements of an analyte and the data set appears to be parametrically distributed (either 

normal, lognormal, or gamma), then the statistical parameters of the distribution are best inferred 

using distributional methods such as the maximum likelihood estimator (e.g., Helsel 1990; 2005; 

the utilities available in ProUCL 5.0 [EPA 2013a]) are recommended for such situations. If 

censored measurements comprise more than 50% of the data set, nonparametric analysis is 

generally preferred unless special circumstances apply (EPA 2009); in that case multiple 

methods for estimating the distributionôs parameters should be evaluated, including a sensitivity 

analysis of the results, before deciding on the best outcome. In special cases, such as where the 

nondetect percentage is very high, DEQ may approve alternative methods for handling censored 

data on a case-by-case basis. 

 
Figure 3. Recommended process for handling censored data. 

3.6 Evaluation of Background Ground Water Quality Data 

The procedure for evaluating data to determine its suitability for statistical analysis, along with 

the information and analysis required to substantiate a statistical characterization of background 

ground water quality, are outlined in Figure 4. The steps include data compilation; exploratory 
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analysis and descriptive statistics; evaluation of data independence; analysis of frequency 

distribution and parametric behavior; seasonal and secular trend analysis; justification for data 

pooling if used; and an assessment of the adequacy of the sample size of the available data to 

support a statistical characterization of background ground water quality (section 5 provides 

more details on these terms). It is necessary to accurately characterize background ground water 

quality based on a sufficient number of samples to determine average concentrations and 

variability at the site. Most importantly, the correct form of the population distribution must be 

determined so that subsequent hypothesis tests on the data will be as accurate and statistically 

powerful as possible. This is because all statistical testing assumes that the sample data are 

representative of a mostly unobservable population of the entire range of aquifer water quality. 

In practice, the most commonly inferred population distributions are the normal, lognormal, and 

gamma. If the sample data do not conform to one of these parametric distributions, then the 

underlying population distribution is assumed to be nonparametric. 

Background ground water quality should be analyzed using the most current data available and, 

if the available data are deemed adequate to justify such an analysis, then the results of the 

statistical characterization should be summarized as part of the documentation submitted to DEQ 

for technical review.  

Appendices A through G provide suggested methods for the analyses indicated in Figure 4.  

 
Figure 4. Process for evaluating background ground water quality and data adequacy.  
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4 Statistical Determination of Water Quality Degradation 

The term degradation is defined by IDAPA 58.01.11 as ñthe lowering of ground water quality as 

measured in a statistically significant and reproducible manner.ò To be statistically significant 

and reproducible suggests that multiple measurements over time are required to determine 

whether degradation has occurred. The number of measurements and the length of time will 

likely be site-specific and dependent on the complexity of the situation. 

Once background ground water quality is established, the next step is to determine the 

concentration at which a change in ground water quality would be statistically significant and 

constitute degradation. Whatever statistical method is used, a statistical decision threshold and a 

confidence level are necessary. Future downgradient measurements will be compared to this 

threshold to determine if degradation has occurred. The process for determining degradation is 

outlined below in Figure 5. 

 
Figure 5. Process for determining degradation limits. 

Issues to address when selecting an appropriate statistical decision threshold include the 

following: 

 Are the data adequate to justify a statistically-based decision threshold (or would an ACL ¶

be more appropriate [Appendix A]) 
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 Is the activity being evaluated new to the site? (This determines how future downgradient ¶

water quality will be evaluated to identify site impacts.) 

 Should interwell or intrawell comparison methods be used? (This depends on whether ¶

upgradient and downgradient comparisons of wells are possible and defensible.) 

 Is a tolerance interval or a prediction interval appropriate and justified for the problem at ¶

hand? 

4.1 Alternative Concentration Limit 

ACLs for COCs are to be estimated when data are insufficient to meet the statistical assumptions 

for a more detailed statistical analysis. An ACL is to be used as an interim upper limit of 

background ground water quality. The ACL is anticipated to be used primarily in situations 

where sufficient data are lacking to adequately define background ground water quality and/or an 

appropriate statistically defensible upper threshold based on background is not available. 

However, an ACL also may be selected even when appropriate data are available for valid 

statistical analyses if the interested party does not want to conduct statistical analyses and DEQ 

concurs with the decision or when a rigorous statistical evaluation is not desired, practical, or 

necessary. ACLs are to be established on a case-by-case basis in consultation with DEQ. The 

ACL estimation process is described in Appendix A. 

4.2 New Versus Existing Activity 

An appropriate statistical decision threshold should be chosen in consideration of whether an 

activity is new or existing. For example, the considerations recommended for wastewater land 

application sites are shown in Table 1. 

Table 1. Considerations for wastewater reuse sites. 

Facility with No Previous Site Impact (new or 
existing) 

Facility with Existing Site Impacts 

Downgradient wells can also be used to define 
background ground water quality 

Only wells unaffected by the facilityôs 
operation can be used to define the 
background ground water quality 

Decisions are made via intrawell comparison Decisions are made via interwell comparison 
(or intrawell, if warranted) 

Upper tolerance limit (UTL) or Shewhart-CUSUM 
control chart limits are used set decision threshold 

Upper prediction limit (UPL) is used as a 
decision threshold 

Multiple downgradient wells compared to background 
UTL or individual well compared to its control chart 
limits 

Multiple downgradient wells compared to 
upgradient UPL; verify exceedance with two 
independent verification samples. 

4.3 Interwell Versus Intrawell Analysis 

The objective of degradation analysis is to identify an appropriate background data set against 

which concentrations in wells potentially affected by a facility can be compared, so as to monitor 

the facilityôs impact on local water quality. Generally, interwell comparisons are appropriate 
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where water quality is spatially homogeneous, sample locations provide statistically independent 

data, and appropriate upgradient-downgradient comparisons can be identified and defended in 

the context of the hydrogeologic site conceptual model. Intrawell comparisons can be applied in 

wells where water quality has not been impacted by site activities and therefore represents 

background ground water quality at that location. Intrawell comparisons may be preferable in 

situations where strong spatial variability exists or where a single upgradient well makes it 

impossible to assess site variability (Appendix N).  

4.4 Decision Thresholds and Confidence Levels  

Decision thresholds that are commonly used in ground water monitoring are the prediction limit, 

tolerance limit, simultaneous limit, and confidence limit. An upper prediction limit (UPL) 

specifies the maximum allowed concentration that 100% of k future measurements must fall 

below in order to remain in compliance at a designated level of confidence (e.g., 95%); an upper 

tolerance limit (UTL) specifies the upper limit that a designated percentage (e.g., 95%) of all 

future measurements at a designated level of confidence (e.g. 95%) must fall below; an upper 

simultaneous limit (USL) represents the maximum concentration below which 100% of all future 

comparisons at a designated confidence level (e.g., 95%) must fall; and a confidence interval 

brackets the range of a specified population parameter (e.g., the mean) at a designated level of 

confidence (e.g., 95%) (EPA 2009). A discussion of simultaneous intervals involving multiple 

COCs is beyond the scope of this guidance; DEQ recommends that users consult the Unified 

Guidance (EPA 2009) for more on USLs. This guidance document assumes that future 

measurements will be compared to background data on a constituent-by-constituent basis, 

regardless of the decision threshold.  

Prediction and tolerance limits may be applied for compliance sampling in detection, assessment, 

and monitoring programs since only one initial sample per well is required during the 

compliance period. These limits also may be used for establishing background-based ground 

water concentrations. Confidence intervals are most often used when comparing water quality 

measurements to a ground water standard that is based on a mean or median value (Virginia 

DEQ 2003). Before calculating these limits, it should be confirmed that the background data are 

statistically stationary, independent, and parametrically distributed (Appendix O provides more 

details on these terms). 

Concepts to keep in mind when considering confidence intervals are as follows:  

 Wider statistical intervals are associated with higher confidence levels (1-a)/lower ¶

significance levels (a). However, too high a confidence level decreases the power of the 

test (the probability of detecting an exceedance) so the confidence level should not be set 

higher than necessary. Conversely, too low of a confidence level may result in an 

excessive number of exceedances.  

 The conservative choice when testing for a trend or a difference is to use a narrower ¶

interval or a lower confidence level (90% or 85%). This lower confidence level would 

reduce the probability that a difference or exceedance may be missed. In most cases, a 

95% confidence level (a = 0.05) provides the best compromise between power and 

confidence. 
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 For nonparametric methods in which the confidence level depends on sample size, select ¶

the highest confidence level dictated by the available sample size. Larger sample size 

may be needed to achieve a desired confidence level. 

4.4.1 Interwell and Intrawell Tolerance Limits 

At sites where ground water has not been previously affected by site activities, future water 

quality measurements can be compared to background ground water quality via an intrawell 

UTL or an interwell UTL. An intrawell UTL sets the background water quality for each COC in 

a given monitoring well, and compliance decisions are based on future samples from the same 

well; it is described in more detail in Appendix H. An interwell UTL is based on background 

water quality for each COC in one or more upgradient wells, and compliance decisions compare 

future samples from downgradient wells with the UTL. Application of either method requires 

that the data have been corrected for seasonal effects and do not display secular trends. For data 

that meet the above requirements but are not parametrically distributed, a nonparametric UTL 

can be calculated. Appendix I contains information on the sample sizes needed for nonparametric 

UTLs. DEQ may accept other decision thresholds for intrawell determination of degradation. 

4.4.2 Interwell Prediction Limits 

In cases where site conditions indicate that the ground water quality in downgradient wells 

differs from background conditions (because of existing site practices), data from up to six
À
 

downgradient wells can be compared to upgradient wells (an interwell analysis) via a parametric 

or nonparametric UPL calculated from upgradient background data. 

Application of the method requires that the data are parametrically distributed, deseasonalized, 

and that at least eight background measurements are available (EPA 2009). The use of fewer 

background samples can result in an unacceptably large decision threshold and limited ability to 

detect exceedances. For data that meet the above requirements but are not parametrically 

distributed or that have a large proportion of nondetects, a nonparametric UPL can be calculated. 

However, larger background sample sizes are generally required (Appendix K). DEQ may accept 

other decision thresholds for interwell comparisons to determine degradation. 

4.4.3 Interwell Simultaneous Limits 

Typically, when only a small number (n < 6; EPA 2013b) of downgradient values are compared 

with background, an UPL is a suitable decision threshold. When many downgradient 

measurements need to be compared, an interwell UTL or USL should be used. A USL is similar 

to an interwell UTL in that it is an upper interval estimate below which the majority of future 

measurements are expected to fall, and both account for the expectation that multiple 

comparisons against a decision threshold increase the probability that at least one will exceed the 

threshold as the number of comparisons increases. The USL overcomes this limitation by 

appropriately raising the decision threshold to control the false positive rate while maintaining 

the statistical power of the test to detect an actual exceedance. A USL requires that all 

                                                 

À
 Comparison of more downgradient wells leads to questions of hydrogeologic homogeneity and interwell 

comparability (EPA 2009) 
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measurements in the background data set are below that value; if a downgradient value exceeds 

this threshold, it is by definition not part of the background population and signifies the presence 

of contamination. Typically, a USL results in fewer false positives than a UTL, especially for 

larger background sample sizes (n > 15; EPA 2013b).  

EPA strongly recommends that a USL only be used for downgradient data sets of moderate size 

(<30 wells) and when the background data set represents a single, well-defined statistical 

population without outliers (anomalous observations, unrepresentative of background; EPA 

2013b). 

4.5 Verification Resampling 

Resampling is not performed when a UTL is used as the decision threshold. However, when 

parametric or nonparametric UPLs (Appendices J and K) are used to detect degradation, EPAôs 

Unified Guidance recommends that a verification resampling strategy be used to minimize false 

positives and maximize the statistical power of the decision threshold. For each compliance well 

where a prediction limit is exceeded, DEQ recommends collecting up to two additional samples 

(allowing sufficient time between resampling to ensure statistical independence). This protocol 

conforms to EPAôs 1-of-3 retesting option: only if the first resample is in compliance is a second 

resample necessary; otherwise the first resample, by also being out-of-bounds, confirms the 

initial exceedance (EPA 2009, section 19.1). 

4.6 Trending Data 

In cases where background water quality data describe a trend, the trend must be evaluated to 

determine its cause. Water quality may show a trend in response to (1) natural circumstances or 

(2) anthropogenic activities such as land use changes. A trend can be seasonal, monotonically 

positive or negative and can disappear or grow over time. If monotonic, particular care should be 

exercised that a future change in trend can be detected (Appendix L provides an example). Only 

if trend removal can be rigorously justified both statistically and hydrogeologicallyðand 

quantified (e.g., via deseasonalization or ordinary least squares)ðcan the trend be removed from 

a data set prior to background analysis. In that case, the trend is also removed from all future 

samples and verification resamples prior to compliance testing with a UTL, UPL, or other 

exceedance-detection threshold. An example is provided in Appendix F, and Appendix L 

describes methods for establishing interim decision thresholds when a monotonic trend may be 

approaching a new stationary background level, either because of natural flow system change or 

modified site or land use practices.  

Appendix M and Appendix N provide examples of how the guidance may be applied to new and 

existing wastewater reuse sites.  
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5 Summary of Process 

5.1 Determination of Background Ground Water Quality 

New sites have the advantage that all monitoring wells, regardless of whether they are upgradient 

or downgradient, can be used as background monitoring wells. For example, at wastewater reuse 

facilities where land is being converted from another land use (such as irrigated agriculture) to 

treated wastewater application, it is possible that some or all wells will not have attained a steady 

state condition or that downgradient wells will have reached a different steady state condition 

than upgradient wells. 

For a new site or new unused acreage at an existing site, such as a wastewater reuse permit 

facility that has yet to have any treated wastewater applied, the first step is to conduct descriptive 

statistics on the COCs in all wells (Appendix B). Following the initial descriptive statistical tests, 

each of the monitoring wells should be evaluated for data independence (Appendix C). The form 

of the data distribution (parametric or nonparametric) should be determined next (Appendix D).  

Statistically significant seasonal trends for each of the COCs (Appendix E) are then evaluated 

and such trends removed to produce a seasonally stationary data set. As the regulated entity is 

required to evaluate at least 3 years of quarterly data (where each quarterôs data represents the 

same month from year to year), some of the background ground water quality variation may be 

due to changing land use practices (e.g., nearby agricultural activities and river and canal flows) 

or climatic changes (e.g., precipitation patterns, and evapotranspiration). The preferred method 

for determining seasonal stationarity is the nonparametric Kruskal-Wallis test (Appendix E). 

The resulting data set should then be checked for the presence of secular (long-term) temporal 

trends (Appendix F). If a trend exists, then setting degradation thresholds may not be statistically 

valid and can lead to erroneous conclusions. The recommended method for testing for temporal 

stationarity is the nonparametric Mann-Kendall test for trend. 

If  the Mann-Kendall test shows that there is a statistically significant secular trend (either 

positive or negative), then an alternative method needs to be followed to set the standard(s) that 

the regulated entity will need to follow (section 5.2.1). If the Mann-Kendall test reveals no 

secular trends, the regulated entity can proceed to determine whether the data from multiple 

background wells can be pooled (Appendix G).  

5.2 Determination of Degradation  

At this point, background ground water quality has been rigorously evaluated and its statistical 

characteristics identified. The next step is to define appropriate thresholds against which future 

measurements can be compared to identify potential water quality degradation. 

5.2.1 Intrawell Comparisons 

Parametric tolerance levels for intrawell comparisons can be set using the methodology provided 

in Appendix H. An intrawell analysis allows future constituent levels in a well to be compared to 

the limit established by that wellôs own background ground water quality. To use this method, 
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one must have a data set that (1) is stationary (free of secular trends and has no statistically 

significant seasonal effects or has been corrected for seasonality), (2) is parametrically 

distributed, and (3) represents a site where the ground water has not been impacted by previous 

site activities. Appendix I provides a methodology for determining nonparametric tolerance 

limits (where the same assumptions apply). Future water quality for each COC in each well is to 

be compared to the UTL in each well. If the rate of exceedances observed in future sampling is 

greater than that used to establish the tolerance limit (e.g., 5% of all future measurements), then 

the ground water is deemed to be degraded. As an alternative to the use of tolerance limits, 

Appendix N describes the Shewhart-CUSUM control chart method, which monitors gradual and 

rapid contaminant impacts within a well in a time-series context. 

5.2.2 Interwell Comparisons 

The methodology for setting parametric prediction levels for interwell analyses is provided in 

Appendix J. In this case, an UPL is defined on the basis of upgradient water quality data. To use 

this method, one must have a data set that (1) is stationary (free of secular temporal trends and 

has no statistically significant seasonal effects or has been corrected for seasonality), and (2) 

meets the parametric distribution assumptions. Site conditions must be such that the 

downgradient well water quality can be compared to upgradient water quality (an interwell 

analysis). Appendix K assumes the same conditions as Appendix J except the distribution is 

nonparametric. A specified number of future water quality measurements in downgradient wells 

are compared to the UPL established in upgradient wells; any exceedance should be verified by 

the resampling procedure discussed in Appendix J.  

Within the context of this guidance, a verification sample is a sample that exhibits data 

independence from the result it is attempting to verify. It is distinct from a measurement 

confirmation sample, which is a sampling event used to confirm the initial result. 

5.2.3 Treatment of Verification Versus Confirmation Resampling Data 

Verification resampling measurements collected in response to a potential exceedance can be 

retained and treated as part of the overall background data set if (1) the samples were collected 

so as to be temporally independent (section 4.5 and Appendix J, section J.1), and (2) an 

exceedance was not confirmed. In contrast, confirmation (i.e., duplicate) sampling results should 

be averaged to provide a single measurement value for use in subsequent statistical analyses. 

5.2.4 Interim Methodology for Trending Data 

Appendix L outlines a suggested procedure for setting an interim UPL for situations that violate 

the stationarity assumption (i.e., where the data show a secular trend). 
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Appendix A. Alternative Concentration Limits 

Alternative concentration limits (ACLs) for constituent(s) of concern are estimated when there 

are insufficient data to meet the statistical assumptions for a more detailed statistical analysis. 

The following three measures of upper concentration limits are calculated from available data.  

1. =1ACL  the largest of the 12 most recent data values collected 

2. s65.1ACL2 +=mean   

3. IQR*65.1medianACL3 +=  (where IQR = the interquartile range) 

The Idaho Department of Environmental Quality (DEQ) specifies that the lowest of these limits 

is then to be used as an interim upper limit of background ground water quality in order to be 

fully protective of human health and the environment in situations where sufficient data are 

lacking to adequately define background ground water quality and/or an appropriate statistically 

defensible upper threshold based on background is not available. 

ACLs are to be established on a case-by-case basis in consultation with DEQ.  
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Appendix B. Exploratory Data Analysis/Descriptive Statistics 

B.1. Descriptive Statistics  

Once adequate data have been collected, the data are analyzed using descriptive statistics to 

characterize the overall population. For each constituent, at a minimum, the user should calculate 

the mean, standard deviation, skewness, median, minimum, and maximum for each constituent at 

each monitoring well, as well as summarize the sample size, proportion of censored data, and 

potential outliers and how they are treated in the subsequent analysis. In addition, visual 

representations of the distribution of each constituent should be provided in the form of box 

plots, histograms, and concentration-time plots for each constituent in each well.  

As has been previously stated, the reason for collecting sample data is to understand the 

underlying statistical distribution of the ground water source from which the samples were 

drawn. The sample mean provides a measure of the central tendency of the population, whereas 

the sample standard deviation provides a measure of its spread, or dispersion. The measurements 

represent just one of many possible subsets of data that could have been collected from the entire 

population. Different samples will obviously lead to different values of the sample mean and 

sample standard deviation. These differences are the reason why statistical intervals are used to 

infer population parameters and set decision thresholds. 

In any set of data, it is possible that there will be outliers (anomalous results). Outliers can have 

one of three causes: (1) a measurement or recording error, (2) an observation from a different 

population, or (3) a rare event from the tail of the population of interest. Outliers can be 

discarded from the data set with adequate justification. For example, a valid justification for 

removing an outlier would be the simultaneous occurrence of extreme values in four independent 

data sets on the same day. This type of event would strongly suggest either a field contamination 

issue or a lab error. The United States Environmental Protection Agencyôs (EPAôs) Unified 

Guidance (EPA 2009) and ProUCL Userôs Guide (EPA 2013) provide additional guidance on 

how outliers should be handled.  

Table B1 provides a simple example of calculating summary statistics manually. ProUCL v.5.0 

also has useful tools for calculating summary statistics, with or without nondetect values, 

although the inclusion or exclusion of outliers is a decision that must be justified by the user.  

Other descriptive statistics include the median, minimum, maximum, and quartiles. The median 

and quartiles are not affected by outliers unlike the sample mean, standard deviation, and 

skewness.  

A graphical summary of the data, including the relevant constituents of concern (COCs), should 

provide box plots, showing at least the median, minimum, maximum, and quartiles for each COC 

and time-series plots. The latter provide a visual indication of whether there is a seasonal 

component to the data, whether there is a secular (long-term) trend, and/or whether the trend has 

changed or may be changing (approaching a new steady-state condition). An example of a box 

plot is provided in Figure B1. 
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Figure B1. Box plots created by ProUCL 5.0 illustrating the centermost half of the data (the 
hourglass polygon) that straddles the median (the polygonôs waist), the interquartile range (upper 
and lower limits of the polygon); the upper and lower adjunct limits (horizontal lines; Appendix O, 
section O.3); and extreme values (dots) that lie beyond the adjunct limits.  

B.2. Example  

Where appropriate, data from the following scenario will be used to illustrate selected 

applications in the various appendices of this guidance document. A wastewater reuse facility 

wants to determine a background ground level for total dissolved solids (TDS), above which 

there is a certain degree of statistical confidence that elevated values would indicate degradation 

of ground water quality. The facility has two background wells (B1 and B2). Well B1 is located 

near an irrigation canal and the canal may seasonally influence the water quality. Well B2 is 

located away from the irrigation canal. Three years of quarterly data have been collected at each 

monitoring well. Table B1 lists the TDS data in parts per million (ppm) and also provides 

summary statistics for the TDS data. Figure B2 summarizes these data graphically in the form of 

a time-series plot. 
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Table B1. Data and resulting descriptive statistics for example scenario. 

Time Index 
TDS 

Well B1 (ppm) 
TDS 

Well B2 (ppm) 

Year 1ð1
st
 quarter 305 252 

Year 1ð2
nd 

quarter 228 251 

Year 1ð3
rd 

quarter 258 245 

Year 1ð4
th
 quarter 259 252 

Year 2ð1
st
 quarter 285 260 

Year 2ð2
nd

 quarter 210 248 

Year 2ð3
rd

 quarter 274 275 

Year 2ð4
th
 quarter 240 272 

Year 3ð1
st
 quarter 290 256 

Year 3ð2
nd

 quarter 216 246 

Year 3ð3
rd

 quarter 248 218 

Year 3ð4
th
 quarter 235 225 

Descriptive statistics
a
 

Mean 254 250 

Variance 904 268 

Standard deviation 30.0 16.4 

Skewness 0.20 -0.52 

Minimum 210 218 

Maximum 305 275 

Median 253 252 

1
st
 quartile 231 246 

3
rd

 quartile 280 258 

a. Excel software used for calculations. 
Note: total dissolved solids (TDS); parts per million (ppm) 

 
Figure B2. Time-series graphs of concentration data in Table B1 created with ProUCL. 
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Appendix C. Data Independence 

C.1. Introduction and Background 

All of statistical theory and practice is based on three fundamental premises. First, a collection of 

measurements represents a random sample of the underlying population that is free of any bias 

imposed by the measurement process (e.g., the individual who conducted the sampling or the 

analytical method used to make the measurements).  

Second, the statistics estimated for a population depend on the measurements used to make the 

estimate but bracket the true population statistics (i.e., the sample is representative), allowing us 

to infer the population statistics from any sample.  

Third and perhaps most important from a practical standpoint, the data are assumed to be 

independent: that is, each measurement is randomly representative of the target population and 

its value is not influenced by any other measurement (i.e., each measurement is independent of 

every other). Dependent measurements exhibit less variability; for example, multiple 

measurements of dissolved nitrate collected from a well at 5-minute intervals are all very similar, 

which leads to an underestimation of the population variance that in turn affects the prediction 

limit and tolerance limit. In reality, every measurement of the physical world is to some degree 

dependent on (similar to, correlated with) previous or nearby measurements; such dependence is 

known as autocorrelation. For example, replicate measurements of stream chemistry are much 

more similar to each other than measurements collected a year apart. In another example, 

consider the analysis of dissolved nitrate in water from five wells (N = 5) where, for quality 

control, four aliquots of water are collected and analyzed from well 5. When calculating the 

average nitrate concentration in the five wells, the replicates cannot be treated as separate, 

random outcomes in a sample of N = 9 measurements because they constitute redundant 

information about the population. If nitrate in well 5 happens to be twice the average 

concentration of the other four wells and all nine measurements are averaged, then the apparent 

mean would be biased high by 50% and the apparent variance would be far lower than the actual 

population variance.  

Every statistical procedure in this document assumes that the data being analyzed are 

independent. If the data are not independent, the effect is generally to decrease the power of 

hypothesis tests (e.g., reducing the ability to detect an exceedance), particularly tests that rely on 

an unbiased estimate of the variance.  

Unfortunately, there is no general method for testing for data independence and little practical 

guidance is available in the literature. The onus is on the statistical analyst to evaluate the data on 

a case-by-case basis. The purpose of this appendix is to suggest possible approaches that can be 

used to evaluate data independence; where that is not possible, to provide some general 

guidelines to evaluating site-specific sampling conditions to minimize the risk of bias due to lack 

of data independence. 

C.2. Example: Evaluating Data for Temporal Independence 

Significantly more attention has been given to the issue of temporal autocorrelation than to 

spatial autocorrelation. For serial data (i.e., time-series, temporally sequenced, time-variable 
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data), two different approaches have been taken: (1) demonstrating physical independence 

between successive samples based on the minimum time required for ground water to move past 

the sampling point (EPA 2009), and (2) evaluating time-series data to characterize the time scale 

associated with statistical independence (Barcelona et al. 1989; Oswina et al. 1992; 

Johnson et al. 1996; Ridley and MacQueen 2005; EPA 2009).  

The basic requirement is that sufficient time must elapse between sampling events to ensure 

independence. A commonly applied rule of thumb is that data to be used for statistical analysis 

and hypothesis testing should be collected no more frequently than quarterly (Gibbons 1994), but 

this guideline may not apply in aquifers with very slow ground water flow rates. The Idaho 

Department of Environmental Quality (DEQ) recommends that estimates of ground water flow 

velocity and travel times be used to confirm the validity of the quarterly rule of thumb using the 

procedure based on Darcy flow velocity outlined in the Unified Guidance (EPA 2009, section 

14.3.2); For very small sample sizes (N < 12), a method proposed by Ridley and MacQueen 

(2005), based on decision-tree logic, could be adopted until sufficient historical data are 

available, but the method is cumbersome. Where sufficient data are available (N > 20ï30), 

standard time-series analysis methods can be applied (Salas 1993). For example, a basic 

autoregression analysis (e.g., a Box-Jenkins autocorrelation plot available in statistical software 

packages such as R and MATLAB), can be applied. Prior to analysis, the data should be 

detrended but not deseasonalized. Alternatively, a one-dimensional semivariogram (Oswina et al. 

1992) can be computed using standard geostatistical software (Deutsh and Journel 1998). 

However, there is little benefit to be gained from such an exercise if data have been collected no 

more frequently than quarterly (in which case, the quarterly rule of thumb can be applied).  

As an example, the total dissolved solids (TDS) data in Figure C1 represent varying sampling 

intervals over a 3-year period, with an indication that monthly measurements tend to be more 

similar than quarterly measurements (i.e., autocorrelated). The raw (non-deseasonalized) data of 

Figure C1 were first reduced by calculating the quarterly averages of multiple measurements 

within each quarterly span (Washington State 2005). A plot of lag-dependent autocovariance 

(Box-Jenkins autocorrelation plot of Figure C2) or first-order autocorrelation coefficients ( EPA 

2009, section 14.2.3) can be created in a simple spreadsheet or in a statistical package like R or 

MATLAB . The autocovariance and autocorrelation coefficient are a function of lag (separation 

in time) and both decay from a value equivalent to the sample variance at zero lag to near zero at 

a lag of 180 days. Therefore, the TDS data used to create Figure C1 demonstrate that future 

samples will be statistically independent if collected at a frequency no greater than once every 

180 days. However, this sampling interval may be longer than necessary because quarterly 

averages of the data were used in calculating the autocorrelation statistic rather than monthly 

data.  

An alternative approach to using a time-series statistical package is to calculate a one-

dimensional semivariogram of the detrended data using a geostatistical software package 

(Oswina et al. 1992; Johnson et al. 1996), where the spatial x,y coordinates are replaced by a 

time coordinate. Such a plot, using the monthly data in Figure C1, is shown in Figure C3. Unlike 

the autocorrelation statistics, the value of the semivariogram statistic in this plot rises rapidly to a 

sill value that is at or near the sample variance.  
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Figure C1. Example ground water TDS measurements used for evaluating the statistical 
independence of a time-series data set. 

 
Figure C2. Box-Jenkins autocovariance plot created using the quarterly-averaged data in Figure 
C1. The value of the autocovariance statistic decays to zero at a lag of about 180 days, suggesting 
that measurements spaced at least semiannually are statistically independent. 

 
Figure C3. An example of a semivariogram (Isaaks and Srivastava 1989) computed for all of the 
TDS data in Figure C1, showing that time-series measurements at this location are statistically 
independent if made at least 90 to 100 days apart (i.e., about quarterly). 

The lag at which the sill is achieved (approximately 90 to 100 days in this example) represents 

the minimum time interval over which measurements can be considered to be statistically 

independent. In this case, the minimum time interval proves to be shorter than that of Figure C2 

because the monthly data were analyzed rather than the quarterly. 
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C.3. Evaluating Data for Spatial Independence 

Guidance for evaluating spatial data independence is almost completely absent in the literature. 

Ideally, a geostatistical analysis could be conducted on spatial data in the same way that the one-

dimensional semivariogram of Figure C3 was calculated for temporal data, the difference being 

that lags are defined in a two-dimensional spatial sense rather than a temporal sense (Isaaks and 

Srivastava 1989; Bertolino et al. 1983; Cameron and Hunter 2002). Because the number and 

spacing of monitoring locations (as well as the availability of data at each well) determine how 

useful such an analysis will be, the approach is rarely fruitful in small monitoring networks (<5 

to 10 wells). Small monitoring networks typically have insufficient wells with which to calculate 

reliable semivariogram statistics, so that minimum interwell spacing to ensure data independence 

cannot be determined. Figures C4 and C5 illustrate the problem conceptually.  

 
Figure C4. A hypothetical example of a semivariogram based on a sufficient number of monitoring 
points to construct a well-defined semivariogram and identify the minimum interwell spacing 
necessary to maintain spatial data independence. In this example, wells that are at least one-half L 
apart provide statistically independent information. 

 
Figure C5. Semivariogram based on insufficient data to define spatial independence. 

As Gibbons (1994) and others have pointed out, the spatial variability of water quality across a 

monitoring site is as important as interwell spacing considerations. If the aquifer is highly 

heterogeneous, then the assumption of spatial data independence may be violated for reasons 

other than well spacing: that is, contaminant concentrations in an active flow zone are biased 

high relative to concentrations in slow or inactive flow zones. Wells completed in hydraulically 

tight units will tend to reflect lower values of contaminant concentration than wells in more 

permeable zones, even if they are hydraulically downgradient of the contaminant source. It is for 
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such reasons that intrawell evaluation methods may be the only rational alternative when 

evaluating monitoring data from highly heterogeneous aquifers (Gibbons 1994). 

Because of the above concerns, DEQ suggests that a qualitative assessment of spatial data 

independence should be performed, including but not limited to the following: 

1.  Estimates of ground water flow velocity and interwell travel times (EPA 2009); 

minimum well spacings in high flow-velocity zones will be greater than in low 

velocity zones. 

2. The existence of a spatial trend in concentration across the facility tends to strengthen 

autocorrelation in that direction, so that minimum well spacing to ensure data 

independence in the direction of the trend will be less than across it. 

3. If  data from multiple upgradient wells cannot be pooled (Appendix G) because of 

hydrochemical variability across the site or if considerable hydraulic heterogeneity 

exists, then intrawell methods (Appendices H, I, N) should be adopted if at all 

possible. 

In general, intrawell analysis methods should be explored wherever aquifer heterogeneity is 

significant and/or water quality is highly variable across a site. In such situations, DEQ may 

grant site-specific variances based on modifications of the methods contained in this document 

or other methods. 
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Appendix D. Determination of Normality and Choice of 
Distribution 

D.1. Testing for Normality Using the Shapiro-Wilk Test 

The importance of correctly determining the nature of the underlying population from which 

samples are drawn cannot be overemphasized. The primary reason to test whether data follow a 

normal or other theoretical (parametric) distribution is to determine whether or not parametric 

test procedures can be employed in subsequent statistical analysis. The ability to apply 

parametric statistical tests conveys higher statistical power, a lower false-positive error rate, and 

more confident conclusions overall.  

Statistical hypothesis tests of a sample distribution are based on a null hypothesis, H0, which 

states that the data set represents a specific type of parametric population (e.g., normal, 

lognormal, and gamma). An appropriate test statistic is calculated from the sample data (section 

D.2) and compared against a tabulated statistic to determine whether H0 can be accepted or 

rejected. Failure to reject H0 does not prove the data were drawn from a normal population 

(especially when the sample size is small), only that the hypothesis of normality cannot be 

rejected with the available evidence and at the stated level of significance (usually 0.05 or 5%). 

A significance level greater than 0.05 increases the power of the test (its ability to reject H0) but 

at the expense of falsely detecting non-normality (a false positive result). The use of higher 

significance levels (e.g., 0.1 or 0.15) is particularly useful when testing very small sample sizes 

(Helsel and Hirsch 1995). 

A critical aspect of the testing procedure concerns right-skewed data sets that contain a few high 

values. This is especially true when the sample size is small (N < 20ï30). It has been a long-

standing practice to logarithmically transform such data sets, test the log-transformed values for 

normality, and conclude that the distribution is lognormal. With growing awareness of the 

advantages and power of the gamma distribution (Appendix O) and of software to perform the 

statistical calculations, The United States Environmental Protection Agencyôs (EPAôs) Unified 

Guidance now strongly recommends that skewed sample data sets should not be modeled as 

lognormal distributions but as gamma-distributed populations (EPA 2009, 2013a, 2013b). The 

principal reason is that a lognormal transformation disguises the effect of high values that may 

not represent background and exaggerates the apparent standard deviation of the modeled 

lognormal distribution. This, in turn, inflates decision thresholds that are based on the lognormal 

statistics, leading to incorrect and unrealistically high UPLs and UTLs that will be used to 

determine future compliance. 

Therefore, the Idaho Department of Environmental Quality (DEQ) recommends that skewed 

sample data be modeled either as gamma-distributed or as nonparametric, particularly if the 

sample size is less than 20 and/or contains outliers. Because of the gamma functionôs flexibility 

in accommodating a wide range of symmetric and asymmetric (skewed) distributions, it is 

capable of representing a lognormally distributed data set without the risk of masking the effects 

of outliers.  

Figure D1 illustrates the general approach to hypothesis testing and determining an appropriate 

population distribution model. The flow chart represents decisions that would be made when 
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manually calculating test statistics for various hypothesis tests. Many types of statistical software 

(e.g., ProUCL, Minitab, and S-plus) allow alternative hypothesis tests to be executed 

simultaneously, in which case Figure D1ôs logic applies to the decision process to be used in 

assessing the output of the softwareôs hypothesis test results.  

A Shapiro-Wilk test for normality is a widely used hypothesis test that would be applied in a 

series of tests like those outlined in Figure D1. This test is superior to the chi-square test (EPA 

1988; EPA 2009; Fisher and Potter 1989) and is recommended because it is based on the normal 

probability plot (Helsel and Hirsch 1995). The Shapiro-Wilk test is designed for data with less 

than 10%ï20% censoring, wherein all censored measurements up to this limit are withheld from 

the calculation. If censoring is greater than 20%, then either Royston's method (Royston 1993) or 

an appropriate adjustment to the sample standard deviation (Cohen 1991; Aitchison 1955) must 

be applied when using this test statistic. The test is based on the premise that the ranked sample 

values should be highly correlated with the corresponding quantiles taken from a normal 

distribution if the data set is normally distributed (Shapiro and Wilk 1965). An example of its 

application is given in section D.2. 

 
Figure D1. Decision tree for determining a population distribution. 

D.2. Calculation Procedure 

The Shapiro-Wilk statistic ñWò is proportional to the ratio of the squared slope of the normal 

probability plot to the mean square estimate (Gibbons 1994): 












































































































































